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Molecular dynamics simulations were carried out for Si/Ge axial nanowire heterostructures using
modified effective atom method MEAM potentials. A Si–Ge MEAM interatomic cross potential
was developed based on available experimental data and was used for these studies. The atomic
distortions and strain distributions near the Si/Ge interfaces are predicted for nanowires with their
axes oriented along the 111 direction. The cases of 10 and 25 nm diameter Si/Ge biwires and of
25 nm diameter Si/Ge/Si axial heterostructures with the Ge disk 1 nm thick were studied.
Substantial distortions in the height of the atoms adjacent to the interface were found for the biwires
but not for the Ge disks. Strains as high as 3.5% were found for the Ge disk and values of 2%–2.5%
were found at the Si and Ge interfacial layers in the biwires. Deformation potential theory was used
to estimate the influence of the strains on the band gap, and reductions in band gap to as small as
40% of bulk values are predicted for the Ge disks. The localized regions of increased strain and
resulting energy minima were also found within the Si/Ge biwire interfaces with the larger effects
on the Ge side of the interface. The regions of strain maxima near and within the interfaces are
anticipated to be useful for tailoring band gaps and producing quantum confinement of carriers.
These results suggest that nanowire heterostructures provide greater design flexibility in band
structure modification than is possible with planar layer growth. © 2009 American Institute of
Physics. DOI: 10.1063/1.3077293
I. INTRODUCTION
Semiconductor nanowires have received increasing in-
terest for electronic, photonic, and thermoelectric applica-
tions because of their potential for integration into high den-
sity three-dimensional microelectronic devices. For the past
25 years, band-gap engineering has been accomplished by
using epitaxial semiconductor films on substrates to produce
quantum wells, strained-layer superlattices, and other two-
dimensional structures with planar interfaces. However, mis-
fit dislocations, other interface defects, and surface morphol-
ogy changes limit the thicknesses and strains that can be
achieved by this approach.1–4 Extended defects in semicon-
ductors leave dangling bonds, which cause deep levels in the
energy gap and act as carrier traps.5,6 In addition, defects can
act as traps for impurities and dopants. In contrast, Si/Ge
nanowire structures can be constructed without extended
defects7,8 and have the potential to tune the Si/Ge band off-
sets and to achieve an unprecedented level of modification to
the Ge band gap. The large aspect ratio of nanowires permits
strain relief in two dimensions as a result of the traction-free
surfaces, which is anticipated to allow Si/Ge axial nanowire
heterostructures to remain free of extended defects at sizes
much larger than for planar structures where the layers are
laterally confined. In addition and as we will show, the an-
isotropy of the crystal structure results in unexpected varia-
tions in strain and strain localizations in regions that are
smaller than the Bohr radius in Ge r08 nm for Ge and
3 nm for Si and are therefore expected to induce quantum
confinement.
There have been only a limited number of theoretical or
simulation studies of strain distributions and the influence of
the strain in semiconducting nanowires and nanowire hetero-
structures. Molecular dynamics MD simulations of me-
chanical properties have been carried out for 4 nm diameter
Si nanowires using Stillinger–Weber potentials.9 MD simu-
lations have also been used to compare the accuracy of Ter-
soff and Stillinger–Weber potentials for simulating surface
reconstructions on 3 nm diameter Si nanowires.10 Strain-
driven effects on electronic properties have been examined
for monoatomic Si and for InAs/GaAs nanowire superlattices
using the empirical tight-binding method for diameters of 20
nm
11
and for monoatomic Si nanowires using density func-
tional theory for diameters 4 nm.12 Studies of strained
axial interfaces have been primarily limited to axisymmetric
analytical or finite element methods to determine the strain
distributions or strain energy and to predict the equilibrium
size limits for coherency at these interfaces.13–16 For metal
nanowires the combined use of MD simulations together
with embedded atom method EAM potentials has allowed
much larger diameter metallic nanowires to be simulated for
modeling of their strain, deformation, and other mechanical
properties.17
In this work we examine the deformation and strain pro-
duced in selected cases for axial Si/Ge nanowire heterostruc-
tures referred to as biwires and for the case of a thin Ge
disk sandwiched within a Si nanowire two biwire inter-aElectronic mail: swadener@lanl.gov.
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faces. By using MD modeling we are able to carry out a
complete strain analysis at the atomic level, incorporating
crystal structure, anisotropy, Si–Ge atomic bonding across
the Si/Ge interface, traction-free surfaces, and surface recon-
structions. Further, by exploiting modified embedded atom
method MEAM potentials previously developed for Si and
Ge, and by developing a Si–Ge cross potential in these MD
simulations, we are able to extend these interfacial axial het-
erostructure studies to realistic nanowire diameters of 10 to
25 nm. From the MD results, we map the magnitude and
extent of the strain, identify the areas of strain localization,
and estimate the band-gap modifications using deformation
potential theory.18–20
II. METHODS
Our investigation uses MD with Si, Ge, and Si–Ge cross
potentials derived using the MEAM.21 The MEAM poten-
tials have been previously developed for Si and Ge Refs. 22
and 23 to allow the realistic inclusion of directional effects.
The parameters for the potentials are listed in Table I. The
original MEAM Ge potential22 and a slight modification23 of
the previous MEAM Si are used.
The original MEAM Si potential22 gave a relaxed va-
cancy formation energy of 2.84 eV, which is below the ex-
perimental values Watkins and Corbett24 gave 3.60.5 eV
and Dannafaer et al.25 gave 3.60.2 eV and ab initio cal-
culations 3.5–4.1 eV, see Ref. 26. Therefore, the MEAM
potential was modified: 1 was changed from 5.5 to 4.8 and
t1 was changed from 3.13 to 2.75 see Table I, which in-
creased the relaxed vacancy formation energy to 3.40 eV.
The elastic constants determined for Si using this modified
potential are C11=164 GPa, C12=69.5 GPa, and C44
=86.3 GPa, which are close to those for the original poten-
tial and within 10% of the experimental values C11
=165.7 GPa, C12=63.9 GPa, and C44=79.7 GPa.27 We
note that the often used Stillinger–Weber potential28 for Si
gives elastic constants which are 20% lower than the experi-
mental values. Surface energies given by the modified poten-
tial are 1.33 J /m2 for the unreconstructed Si 111 surface,
1.56 J /m2 for the unreconstructed110 surface, and
2.0 J /m2 for the 21 reconstructed 100 surface, which
are still close to the range of experimental values Gilman29
gave 1.24 J /m2 for the 111 surface; Jacodine30 gave
1.23 J /m2 for the 111 surface, 1.51 J /m2 for the 110
surface, and 2.13 J /m2 for the 100 surface. The Si and Ge
MEAM potentials employed here have been widely used and
have predicted various structures with accuracies of 2%–5%
see, for example, Refs. 21–23 even for the case where local
strains have exceeded 10%. Models of pure Si nanowires
that use this Si MEAM potential are in good agreement with
experimental observations. The MEAM models show a tran-
sition from 111 stable axial Si wires at large diameters to
stable 211 wires as the diameter is decreased to 20 nm
compared to 20–30 nm in experiments.31 In addition, faceted
sides are found to be stable in small Si nanowires that are
hydrogen passivated, while unpassivated nanowires are
round, in agreement with experiments.31,32
The Si–Ge cross potential parameters were derived in
this work by obtaining optimal results for Ge adatom diffu-
sion on a 100 Si surface while maintaining a reasonable fit
to the elastic constants for a random mixture SiGe alloy. For
consistency, the cutoff radius rc and the shielding param-
eters cmin, cmax were kept fixed at the same values as used
for the Si and Ge potentials. The value of the cubic term
strength 1,2 was fixed at 0.05 eV to match the heat of
mixing.33,34 The remaining terms for the Si–Ge cross poten-
tial R0, , and the ratio of the 0 values for Si and Ge were
varied to achieve an optimal fit to both the elastic constants
of the SiGe alloy and the Ge adatom diffusion on a 21
reconstructed 100 Si surface. This procedure amounts to an
effort to obtain an optimal fit to four experimental values
using three fitting parameters.
For the Si MEAM potential, the 100 Si surface relaxes
directly to the 21 reconstruction, in agreement with ex-
perimental observations. Island growth experiments of Ge on
a 21 100 Si surface have shown that diffusion of Ge
adatoms is preferential in the direction of the 21
channels.35,36 There are two potential paths for diffusion
along the channel direction, which we will call a and b and
also two potential paths for diffusion perpendicular to the
channel directions, which we will call a and b. The de-
tailed paths are defined in Ref. 33 as A→D→G→ D
→ A for a, A→D→F→G→ D→ A for b, F→G
→ F for a, and F→D→G→ F for b. For the potential
that we have derived Table I, paths a and b have the
same barrier to diffusion, while paths a and b have lower
barriers than a and b, but different barrier heights. Our
potential shows that path a is favorable by 0.07 eV, and path
b is favorable by 0.13 eV, compared to paths a and b. For
island growth, paths a and b should be almost equally
likely, because the Ge adatom is equally likely to move F
→D or F→G and thus will start out along either path.
Therefore, diffusion is preferentially along the 21 channels
by an average of 0.10 eV, in qualitative agreement with the
experimental observations of preferential island growth.36
For diffusion of Si adatoms on 21 100 Ge surface, our
TABLE I. MEAM parameters for Ge, Si, and Si–Ge potentials: sublimation energy E0 eV, equilibrium nearest neighbor distance R0 Å, cutoff radius rc Å,
distance at which partial screening begins cmin and ends cmax Å, exponential decay factor , cubic term strength  for the universal energy function, scaling
factor for the embedding energy A, exponential decay factors for the atomic densities i, weighting factors for the atomic densities ti, and the atomic
electron density weights 0.
E0 R0 rc cmin cmax   A 0 1 2 3 t0 t1 t2 t3 0
Ge 3.85 2.448 4.0 2.0 2.8 4.98 0 1.0 4.55 5.5 5.5 5.5 1 4.02 5.23 1.6 0.88
Si 4.63 2.35 4.0 2.0 2.8 4.87 0 1.0 4.4 4.9 5.5 5.5 1 2.25 4.47 1.8 1.0
Si–Ge 2.361 4.0 2.0 2.8 5.60 0.05
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Si–Ge cross potential also predicts preferential diffusion par-
allel to the 21 channel direction, in agreement with previ-
ous results.35,36
The three elastic constants for a SiGe random alloy ob-
tained using our derived potentials are compared with the
experimental results33 in Table II. Better fits to the elastic
constants resulted in a worse fit to the Ge adatom diffusion,
so this potential was chosen as the best compromise for fit-
ting both diffusion and elastic constant results. The value for
C12 using our potential is 18% low, while the value of C44 is
6.5% high and the value of C11 is within 0.5%. This fit to the
elastic constants is relatively good and better than that ob-
tained for the individual monoatomic cases using Stillinger–
Weber potentials. Cross potentials are inherently more diffi-
cult to fit than the potentials for monoatomic systems and the
present fit is better than previously obtained for Si–Ge cross
potentials.35
MD simulations used the LAMMPS Ref. 37 parallel MD
code running on 8–32 processors with the number of atoms
ranging from 0.1106 to 1.7106. Energy was minimized
using the conjugate gradient method with a tolerance of 10−7.
Relaxed atomic positions were used in all calculations. For
adatom diffusion barrier calculations, the surface was relaxed
and the adatom was added at different locations and allowed
to relax in the vertical direction, while holding its lateral
position fixed. The barrier heights were determined from the
energy increase at the saddle position between two local
minima. Models of Si/Ge biwires with coherent, atomically
sharp interfaces were constructed to evaluate the strains that
would be generated in axial heterostructures. Ideal interfaces
with no mixing are difficult to achieve experimentally for
Si/Ge nanowires by the usual vapor-liquid-solid growth tech-
nique due to the residual Si or Ge solute remaining in the
liquid upon switching between Si and Ge growth. However,
our MD results should serve as a basis to evaluate the poten-
tial effects that could be achieved for such interfaces and to
motivate the continued improvement for the Si/Ge experi-
mental system. The MD models also provide a baseline for
comparison of future experimental or atomistic results with
interface mixing. Typical MD models are shown in Fig. 1.
Figure 1a illustrates a 10 nm diameter30 nm tall 111
Si/Ge biwire, and Fig. 1b shows a 25 nm diameter nano-
wire structure with a 1 nm thick layer of Ge disk embedded
in a 75 nm tall 111 Si nanowire. A third model system used
in this study was a 25 nm diameter75 nm tall 111 Si/Ge
biwire.
III. RESULTS AND DISCUSSION
In the present studies, we have calculated the atom po-
sitions and the strains for Si/Ge axial heterostructures for
nanowires oriented along the 111 direction. Figure 2 shows
the positions of the Ge atoms immediately adjacent to the
Si/Ge interface referred to as the Ge interface atoms for the
10 nm diameter Si/Ge biwire. For clarity, the outermost atom
TABLE II. Elastic constants GPa for a random SiGe alloy determined with
the MEAM potentials from Table I.
MEAM Expt.a
C11 161.6 161
C12 68.6 83.5
C44 91.1 85.5
aReference 31.
FIG. 1. Color online Structures used in the MD calculations: a 10 nm
diameter Si/Ge axial heterostructure biwire; b axial heterostructure with
a 1 nm thick Ge yellow layer sandwiched in a 25 nm diameter Si blue
nanowire all dimensions in Å. The z direction corresponds to the nanowire
axis and is taken to be along the 111 crystal orientation in these studies.
FIG. 2. Color online Height profile of Ge interface atoms in a 10 nm
diameter 111 Si/Ge biwire all dimensions in Å.
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layer around the nanowire is not shown in Fig. 2, because
those atoms move to locations based on the specific termina-
tion of the surface as a result of surface reconstructions. Thus
the locations of those atoms are a surface effect and not due
to the heterostructure strain. Similarly the strain plots shown
in Fig. 3 and subsequent figures do not show the strains
between an outermost atom and an atom adjacent to it, be-
cause the positions of the outermost atoms are a surface ef-
fect and do not give a useful result for strain. From Fig. 2 it
is apparent that a substantial two-dimensional bowing of the
nanowire interface occurs, with the positions of the Ge atoms
curved downward in the outer regions toward the Si nano-
wire. A similar curvature would be observed for a bilayer
where Ge has the larger lattice constant. The relative dis-
placements for this case of a 10 nm diameter biwire reach
0.1 nm in the Ge interfacial layer.
Figure 3a shows a contour plot of the 	yy strain corre-
sponding to the 011¯ direction y-direction in the plot for
the interfacial layer of Ge atoms those Ge atoms immedi-
ately adjacent to the Si/Ge interface in a 10 nm diameter
Si/Ge biwire. Figure 3b shows the 	xx strain corresponding
to the 21¯1¯ direction x-direction in the plot for the same
interfacial layer of Ge atoms. The 	yy strains in the 011¯
direction for the Si atoms on the opposite side of the inter-
face are plotted in Fig. 3c, and the 	xx strains in the 21¯1¯
direction for the Si interface atoms are plotted in Fig. 3d.
All the strains shown are relative to the Si lattice for consis-
tency and the strains are tensile for Si. The strains relative to
the Ge lattice can be determined by subtracting 0.041 from
the strain values shown, which gives compressive strains for
Ge.
The strains, as seen in Fig. 3, are asymmetric in reflec-
tion about the 21¯1¯ plane because of the diamond lattice
stacking sequence and the mismatch in elastic constants
across the Si/Ge interface. This asymmetry can be easily
seen by viewing the three-dimensional diamond lattice crys-
tal structure, because the Si/Ge interface occurs at only one
plane in the ABC stacking sequence in the 111 axial direc-
tion. A single 111 Ge layer contains threefold symmetry,
but the layer above it is offset in the 21¯1¯ direction. The
strains show symmetric reflection about the central 011¯
plane, because the central 011¯ plane is a plane of symmetry
for the entire biwire. In the Ge interfacial layer, the maxi-
mum compressive 	xx strain is 0.020 and occurs at x ,y
= −2.0 nm,0 nm, and the maximum compressive 	yy
strain is 0.018 and occurs at x ,y= 1.0 nm,0 nm, but the
maximum combined average in-plane strain 	xx+	yy /2 is
0.019 and occurs at x ,y= −1.8 nm,1.0 nm. The com-
bined average in-plane stress maxima result in two minima
in the band gap in the strained Ge interface layer at
−1.8 nm,1.0 nm.
FIG. 3. Color online Contour plots of in-plane strains in a 10 nm diameter Si/Ge biwire where the x and y axes correspond to the 21¯1¯ and the 011¯
directions, respectively, and the z axis corresponds to the 111 direction: a 	yy in the Ge interfacial layer, b 	xx in the Ge interfacial layer, c 	yy in the Si
interfacial layer, and d 	xx in the Si interfacial layer. All strains are referenced to the Si lattice and all dimensions are in Å.
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The large strains predicted for the axial heterostructures
will have a significant influence on the band structure. We
first summarize the nature of these effects qualitatively and
then predict the magnitude of their influence on the band
gaps using deformation potential theory. In Ge the minimum
in the conduction band falls along the 111 axis of the Bril-
louin zone, whereas for Si the conduction band minimum
lies near the 100 axis of the Brillouin zone. Therefore, for
Ge, in-plane compression stress in the 111 nanowires cause
out-of-plane tensile strain, which leads to conduction band
splitting at the L point and relatively large band-gap changes.
In contrast, for Si strain in the 111 direction does not lead
to splitting of the minimum conduction bands which is near
the X point. Valence band splitting occurs for both Si and Ge
due to lifting of the degeneracy at the 
 point. The v2 band

25 remains the highest valence band in Ge for nanowires
in the 111 orientation, whereas for Si the v1 band becomes
the highest valence band. A significant spin-orbit splitting is
present in the valence band of 0.3 eV for Ge and 0.044 eV
for Si. The strain contribution to this splitting is relatively
small.38 There is an additional small increase in the average
valence band energy as a result of compressive hydrostatic
stress. Thus the influence of strain on the Si/Ge nanowire
band structure near the interface for the 111 axial hetero-
structures is expected to be significant.
Using deformation potential theory,18–20,38 one can esti-
mate the band gaps in the linear strain-dependent limit. The
relative effect of strain on the band gap will be greatest for
Ge because of its smaller unstrained band gap 0.74 eV and
the larger spin-orbit splitting. For in-plane strain in the 111
plane, the maximum band-gap reduction from deformation
potential theory is
EG = −
1
30 +  14E111 − 13uL2	zz − 	xx − 	yy
− EH	zz + 	xx + 	yy , 1
where 0 is the spin-orbit splitting in the valence band, E111
is the deformation potential in the 111 direction, u
L is the
band-gap reduction resulting from the conduction band split-
ting in the 11¯1¯, 1¯11¯, and 1¯1¯1 bands at the L point, and
EH is the hydrostatic component of the change in the band
gap. The shear strains are 0.001, which is small compared
to the normal strains, and thus their effect on band offsets
can be neglected to first order. Using the experimental values
of 0=0.3 eV, E111=−18.4 eV, u
L
=16.2, and EH
=−2.0 eV,38,39 the band gap in Ge at the two strain maxima
at the biwire interface would be reduced by 0.27 eV rela-
tive to unstrained Ge. At the nearby x ,y position of 1.8,
0, the average combined in-plane strain is 0.018 and the
corresponding local change in band-gap energy is estimated
to be 0.26 eV, or 0.010 eV higher than the minimum. The
average in-plane strain decreases to 0.014 at 0, 0, which
would be expected to result in a band gap about 0.043 eV
greater than the band gap at the maximum strain points. Such
local strain maxima and the resulting band energy localiza-
tions suggest that it may be possible to confine carriers
within local regions at the Si/Ge interface of nanowires at
low temperatures. Further electronic structure calculations
and experimental studies are needed to confirm this predic-
tion.
Figure 4 shows the positions of the Ge interface atoms
for a 25 nm diameter Si/Ge biwire. While the absolute value
of the strain-induced change in height of the Ge atoms is
seen to vary by about 0.2 nm from the center to the outer
region at the nanowire interface, which is greater than for the
10 nm nanowire see Fig. 2, the curvature of the 25 nm
biwire interface is not as great as for the 10 nm biwire.
Specifically, for a 2.5 factor increase in diameter, the maxi-
mum displacement increases only by approximately a factor
of 2 and thus greater distortions are found at the axial het-
erostructure interface as the nanowire diameter decreases.
For both the 10 and 25 nm diameter nanowires, the local
distortions approximately mimic the symmetry of the 111
plane, although the exact atomic displacements show asym-
metry about the 21¯1¯ plane.
The strain distributions for the Ge and Si atoms adjacent
to the interface for the 25 nm diameter biwire case are shown
in Fig. 5. The strain distributions are again seen to be axially
asymmetric. The maximum strains in the 25 nm biwires are
slightly greater than in the 10 nm biwire, but the localization
is not as strong. A localized region of maximum strain is still
observed in the Ge interface layer see Fig. 5b approxi-
mately in the region from −11x−7 nm and −4y
4 nm, where the Ge compressive strain exceeds 0.022,
which corresponds to an estimated decrease in the Ge band
gap of 0.29 eV. While this region is larger than the local-
ized region in the 10 nm biwire, it is still comparable to the
Bohr radius in Ge 8 nm, and therefore would be ex-
pected to show possible quantum confinement effects. The
MEAM potentials used to calculate the strain in these MD
studies with 1106 atoms are not able to predict quantum
confinement effects nor the direct-indirect transition that has
been predicted for Si nanowires with very small diameters
1–7 nm Refs. 40–43 and in Ge layers strained in
tension.44 These potentials can only be used to give the strain
and atom positions, which can then be used as inputs to more
sophisticated atomistic models. However, we note that those
more detailed models such as density functional theory,
pseudopotential, or tight-binding methods are limited to
FIG. 4. Color online Height profile of Ge interface atoms in a 25 nm
diameter Si/Ge biwire. All dimensions are in Å.
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much smaller numbers of atoms, and as a result have not
been applied to nanowires above 5 nm in diameter.
A comparison of the 	xx strains along the x-axis in the
biwires with different diameters is shown in Fig. 6a. In this
plot the strains for the Si and Ge atoms on either side of the
biwire interface are referenced to unstrained Si and Ge, re-
spectively, and thus the ordinate corresponds to tensile stress
for the Si interface atoms and compressive stress for Ge in-
terface atoms. Localized regions with changes in strain of
about 0.2%–0.3% can be seen in both the Si and Ge layers.
For the Si interfacial layer, a maximum occurs in the tensile
	xx strain near the middle of the 10 nm biwire, while the 25
nm biwire has a broad plateau of strain with almost the same
value as the maximum tensile strain for the 10 nm diameter
nanowire. For the Ge interfacial layers, the peak of localized
compressive strain is seen to occur near the outer region of
one side of the biwire for both the 10 and 25 nm diameter
cases. The localized strain maxima observed in the interface
layers are confined to just the interfacial atomic layers and
decrease sharply with distance from the interface.
In contrast to the biwire case, the Si/Ge/Si axial hetero-
structures with a thin 1 nm Ge layer exhibit very little dis-
tortion at the Si/Ge interfaces. Figure 7 shows a plot of the
height profile of one of the Ge interfacial layers in a 25 nm
diameter Si/Ge/Si nanowire with a 1 nm thick Ge layer. As
shown in Fig. 7, the interior Ge interface atoms remain in a
band 50 pm thick, and except for an outer ring approximately
4 atoms wide, the Ge interface atoms are in a very flat layer
with a height variation of less than 4 pm. The in-plane strains
for this Ge interface layer are shown in Fig. 8. For this case,
both interfaces have similar strain profiles, and the strain is
approximately uniform through the 1 nm thick Ge layer. A
relatively large region of in-plane compressive biaxial strain
0.035 exists approximately centered in the Ge layer. In Fig.
6b, it can be seen more clearly that the strain in the Ge and
Si interfacial layers is asymmetric, as was found for the bi-
wire cases.
The biaxial strain of approximately 0.035 see Fig. 6a
predicted for this Ge disk within the Si nanowire is a large
fraction of the lattice mismatch of 0.041, indicating that
85% of the strain in the central region is incorporated into
the thin Ge disk. From deformation potential estimates, this
compressive strain corresponds to a reduction in the Ge band
gap in the central region of approximately 0.4 eV, which is a
large percentage of the bulk Ge band gap 0.74 eV. Regions
with significant strain localization are not produced in the
interior of the Ge layer, in contrast to the biwire case. Some
strain localization may be present near the outer edge of the
nanowire interfaces, although this is less certain since these
regions may be influenced by specific surface atom termina-
tions and reconstructions. As shown in Fig. 6b, tensile 	xx
strains in the Si interface layer for the Si/Ge/Si heterostruc-
ture are relatively small, except for near the edge where they
reach 0.02. Thus the strain is nearly equally shared across
FIG. 5. Color online Contour plots of in-plane strains for a 25 nm diameter Si/Ge biwire where the x and y axes correspond to the 21¯1¯ and the 011¯
directions, respectively: a 	yy in the Ge interfacial layer, b 	xx in the Ge interfacial layer, c 	yy in the Si interfacial layer, and d 	xx in the Si interfacial
layer. All strains are referenced to the Si lattice and all dimensions are in Å.
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the interface for the biwire case, but is largely confined to the
thin Ge layer for the Si/Ge/Si heterostructure case. It is also
of interest to examine the change in strain along the nano-
wires as a function of distance from the interface. As would
be expected, the largest strains occur at the interfacial layers
and the magnitude of the strains is shown to decrease rapidly
with distance from the interface as seen in Fig. 9. For clarity,
only 	yy strains for the 10 and 25 nm diameter nanowires are
shown in Fig. 9, but the variation in 	xx strains with distance
from the interface is similar. For the biwires, the strains are
found to decrease with distance from the interface at a rate
proportional to the diameter of the biwire, decreasing to an
approximately unstrained level at a distance of 0.3d. The
strain further decreases to a minimum slightly less than zero,
which reflects the fact that equilibrium must be maintained
throughout the nanowire. The strain variation in Si and Ge
are similar, except that the magnitude of the strains in Si
away from the interface is slightly larger. For the Si/Ge/Si
heterostructure, the magnitude of the strains in Si near the
interface is not as large since the strain has been largely
shifted to the Ge disk in this case, and the strain in the Si
decreases to zero over about the same normalized distance of
z /d0.3. A Si/Ge/Si heterostructure with a thicker Ge layer
FIG. 6. Color online Comparison of 	xx strains shown are tensile strains
for Si and compressive strains for Ge in the 21¯1¯ direction at the Si/Ge
interfaces in a 10 and 25 nm diameter Si/Ge biwires and b a Si/Ge/Si
heterostructure for a 25 nm diameter nanowire with the Ge layer 1 nm thick.
FIG. 7. Color online Height profile of Ge interface atoms in a 25 nm
diameter Si/Ge/Si heterostructure with the Ge layer 1 nm thick. All dimen-
sions are in Å.
FIG. 8. Color online Contour plots of in-plane strains for a 1 nm thick Ge
layer sandwiched in a 25 nm diameter Si nanowire where the x and y axes
correspond to the 21¯1¯ and the 011¯ directions, respectively: a 	yy in the
Ge interface layer and b 	xx in the Ge interface layer, where the interface
resides on a shuffle plane. All strains are referenced to the Si lattice and all
dimensions are in Å.
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would result in larger strains in Si and a faster decrease in
strain, with a similar scaling with distance from the interface
anticipated.
The rapid decrease in strain with distance from the in-
terface for the Si/Ge biwire results in the minimum in the Ge
band gap being localized in the region near the heterostruc-
ture interface. Using deformation potential theory, we can
estimate the nature of this localization. The approximate
band edge behavior at the center of the 25 nm Si/Ge nano-
wire based on deformation potential theory18–20,38 is shown
schematically in Fig. 10a. The calculations employ recent
experimental results for the Si conduction band deformation
potential45 as well as earlier results for the Si valence band46
and for Ge.38,39 Here the v2 band in Ge is taken to be 0.54 eV
above the v1 band in Si based on ab initio calculations.47 An
electron well approximately 0.12 eV deep is observed in Si
at the interface relative to Si far from the interface. In Ge the
electron well at the interface is approximately 0.14 eV rela-
tive to Ge far from the interface and is located 0.05 eV
higher than the Si electron well. However, the exact relative
positions would change as a result of band bending, which
depends on the specific Fermi level of the two materials. For
holes a corresponding significant confinement is expected,
with the holes being confined on the Ge side of the interface
see Fig. 10a.
The Si/Ge/Si heterostructure with a 1 nm Ge layer is
expected to have an even deeper carrier confinement than for
the biwire, because the strain is primarily transferred to the
Ge region. From deformation potential theory, an electron
well depth of 0.15 eV and a hole well of 0.69 eV are found
in the Ge layer, as shown in Fig. 10b. These deformation
potential theory calculations are based on experimental re-
sults, which employed strains of up to 0.014 for uniaxial
compression,38 and also some of the experimentally deter-
mined values depend on curve fits to quadratic effects. Since
the strains found here for Si/Ge axial heterostructures are
significantly greater, these extrapolations of the deformation
potentials must be considered approximate. However, our re-
sults indicate the presence of large strain-induced effects on
the band structure in Si/Ge and Si/Ge/Si nanowire hetero-
structures. These results point to the need for more detailed
theoretical studies, for example, using density functional
theory, as well as for experimental determinations of the
band structure changes at large strains.
Carrier confinement wells of the magnitude indicated in
the present study are difficult to achieve in planar Si/Ge
strained-layer structures without the introduction of interface
defects. Thus these results imply that Si/Ge nanowire axial
heterostructures can be used to tailor relatively deep carrier
confinement regions near the interfaces, as well as shallower
regions of localize strain-induced band-gap minima within
specific locations in the interface as discussed above.
IV. CONCLUSIONS
A MEAM interatomic cross potential was developed for
Si–Ge and shown to be accurate in MD models. Strain dis-
tributions in Si/Ge biwires of 10 and 25 nm diameter and a
Si/Ge/Si heterostructure of 25 nm diameter with a 1 nm thick
Ge layer were studied using MD. For biwires axial asymme-
try and strain localization were observed in the in-plane
strains at the Si/Ge interfaces. The strain maxima in the bi-
wires were localized in a region of a few atoms in the case of
the 10 nm diameter biwire and a region of a few nanometers
in the case of the 25 nm diameter biwire. The strain in the
Si/Ge/Si nanowire heterostructure was sufficient to reduce
FIG. 9. Color online Variation in 	yy strains in the 011¯ direction with
distance from the Si/Ge interfaces in the z direction divided by the nanowire
diameter, d, in 10 and 25 nm diameter Si/Ge biwires and in the 25 nm
diameter Si/Ge/Si heterostructure. Note that the values are given as tensile
strains for Si and compressive strains for Ge.
FIG. 10. Schematic of the band structure discontinuities predicted by defor-
mation potential theory for a a 25 nm diameter Si/Ge biwire and b a 25
nm diameter Si/Ge/Si heterostructure with a 1 nm Ge layer Ge layer thick-
ness is not to scale. Energy levels are relative to the average of the v1
valence band in Si.
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the Ge band gap by more than a factor of 2 for a 1 nm thick
Ge layer. Significant distortions in the height of the interfa-
cial atoms across the interface are found for biwire hetero-
structures but not for the axial Si/Ge/Si disk structure. The
distortions increase in curvature with decreasing biwire di-
ameter. Strains in the biwire decrease sharply with distance
from the interface and are confined to a region within 0.3
times the nanowire diameter, so band-gap modifications are
closely localized to the interface layers for perfectly sharp
interfaces. For the Si/Ge/Si heterostructures, the strain was
relatively constant through the thickness of the 1 nm Ge
layer. The results demonstrate that Si/Ge nanowire axial het-
erostructures have the potential for tailored band gaps, strong
carrier confinement near the interfaces, and additional local-
ized confinement in dots. Thus semiconductor strain engi-
neering with nanowire heterostructures is shown to further
extend band-gap engineering over that possible with
strained-layer growth of planar structures.
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